Many parasites like the cytomegalovirus, HIV and Escherichia coli are capable to persist in and reinfect its host. The evolutionary advantage (if so) of these complicated mechanisms have not been quantitatively analyzed so far. Here we take a first step by investigating a host-parasite model for which these mechanisms are driving the evolution of the parasite population. We consider two variants of the model. In one variant parasite reproduction is directed by balancing selection, in the other variant parasite reproduction is neutral. In the former scenario reinfection and persistence have been shown to sustain the maintenance of diversity in the parasite population in certain parameter regimes (Pokalyuk and Wakolbinger, 2018). Here we analyse the diversity patterns in the latter, neutral scenario. We evaluate the biological relevance of both model variants with respect to the human cytomegalovirus (HCMV), an ancient herpesvirus that is carried by a substantial fraction of mankind and manages to maintain a high diversity in its coding regions.
The rates at which parasites reproduce depend on the type of the parasite and the frequency of the parasite type in the host. b) Hosts die at a constant rate. When a host dies it is instantly replaced by a so far uninfected host, which is directly infected by a randomly chosen host. At primary infection only a single parasite type is transmitted. c) Hosts reinfect other (randomly chosen) hosts at a constant rate. At reinfection a single parasite is cloned and transmitted to the reinfected host. The transmitted parasite replaces a randomly chosen parasite in the reinfected host. d) Each parasite mutates at a (small) constant rate to type A and type B.
parasite splits into two and replaces with its offspring a randomly chosen other parasite.
72
In the neutral case both types of parasites reproduce at (the same) rate g N . A change We assume there exists some equilibrium frequency η (with η ∈ (0, 1)), at which type for some 0 < b < 1.
(frequent reinfection)
r N ≈ r s N for some r > 0. Then for large N host type frequencies are concentrated around 0, η and 1. Denote by v the proportion of hosts which frequencies are concentrated around for = 0, η, 1. Then for large N the evolution of the frequencies (v 0 , v η , v 1 ) is driven by the dynamical systeṁ (and saddle points in (1, 0, 0) and (0, 0, 1)).
118
The stability of the dynamical system is a key ingredient to show, that under Assumptions 1-4 119 and r > max{ In Figure 2 a simulation of the model is depicted. Except for the host population size, which has 131 been chosen for feasibility of the simulations, the parameter values could be realistic for HCMV.start end 3 Results
133

Diversity patterns under neutrality
134
In this section we analyze the neutral setting. We consider two cases. In the first case the two 135 parasite types are constantly generated by mutation, in the second case the two types are assumed 136 to be present in the population due to standing genetic variation, i.e. due to an equilibrium of 137 genetic drift and mutation. We will evaluate the role of the neutral scenario in the case of HCMV
138
by assessing genotyping data of HCMV in Section 3.2.3 and Section 3.2.4. We make the following 139 assumptions:
140
• In both cases we assume as before that the parasite populations within hosts as well as the 141 host population is large, that is we are interested in the case when N and M is large. In 142 precise mathematical terms we will consider the limiting case N → ∞ and M = M N → ∞
143
for N → ∞.
• As before parasite reproduction is frequent. More precisely, we assume g N 1.
• We consider a regime in which the reinfection rate is at most of the same order as the reproduction rate, i.e. either 
152
We show next, see also Figure 3 , that the length of the total genealogy of a sample of size n 153 drawn randomly from the parasite population is at most of order log(n) min{M, N M/r N } with 154 high probability. That is if N is large the length of the total genealogy can be estimated from 155 above by c 1 log(n) min{M, N M/r N }, for some appropriate constant c 1 > 0, with a probability
156
that is approximately 1.
157
Draw a random sample of size n from the parasite population and follow back its ancestry. As 158 the parasites are sampled randomly and the host population is large the parasites are drawn with 159 high probability from n different hosts.
160
Since parasite reproduction is restricted to hosts, to join ancestry parasites have to infect a 161 common host first. This may happen via reinfection or host replacement (i.e. primary infection).
162
Each pair of parasite lines is gathered in a single host due to reinfection at rate 2r N /(N M ), 
169
Consequently the rate at which two out of n lines gather in a single host due to reinfection or 170 host replacement is 
171
Once two lines infect the same host, they coalesce with some positive probability (due to r N ≈ cg N for some c > 0 and each line is hit by a reinfection event at rate r N /N , the probability 176 that the two lines coalesce before they are hit by reinfection event is strictly larger than 0.
177
If two lines coalesce, the time till coalescence is exponentially distributed with rate size n it is well known, that the total tree length has expectation ∼ 2 log(n) and a finite variance, see Wakeley, 2009 , Chapter 3.
Hence, by Chebychev's inequality, the length of the total genealogy is of order
1 as the resulting distribution is again continuous and memoryless with high probability. 
216
This mixture has more mass close to the boundaries 0 and 1 than the corresponding
217
Beta distribution in case (ii) (with the same parameter c).
218
To see the above statements consider a random sample of parasites of size n taken from a 219 randomly chosen host and follow back its ancestry, see also Figure 4 . To arrive at the frequency 220 of type A in the chosen host, we need 1 n, but we are free to choose n N .
221
By the same arguments as in Section 3.1.1 the n lines coalescence (due to parasite reproduction) at rate n(n − 1)g N /N and the n lines are hit by reinfection events at rate nr N /N. Finally hosts are replaced at rate 1, in this case all lines are involved simultaneously. Consequently the relationship of coalescence : reinfection : host replacement is
Case a): In a standard Kingman coalescent with a pair coalescence rate of 1 the time until n 222 lines coalesce has expectation 2(1 − 1/n) and variance 8 n i=2
6 , see Wakeley, is of order n and so with high probability no mutations fall on the total genealogy, as we assumed 228 that µ 1.
229
Every parasite is hit by a reinfection event at rate r N /N . By assumption r N g N hence, by
230
Chebychev's inequality with high probability all lines coalesce (due to parasite reproduction or 231 host replacement) before a reinfection kicks in. . n = 5 parasites are sampled in a single host and the genealogy of the sample is followed backwards until each host is infected at most by a single parasite line of the sample. Then the types of these lines are specified by randomly sampling both types according to their frequencies at that time point in the past. Thereafter types are propagated further along the genealogy till the present when parasites are sampled. are left, when the host replacement event occurs. Hence, these lines must have all the same type.
279
With probability x they are of type A and with probability 1 − x they are of type B. Furthermore,
280
since at each event (coalescence or reinfection) the number of lines followed up further decreases by 281 1, the probability that the i-th event is a coalescence and reinfection event, resp., is independent 282 of the event K n = k, for 1 ≤ i ≤ k and k ≤ n. cx and 1 as in Case b)ii).
297
If K ∞ = K and initially all lines are of type A the proportion of lines of type A is can be taken as an indication for rather uniform carrying capacities among hosts.
381
The parameter regimes which could be relevant for the size of within host parasite popula-
382
tions are discussed separately under the point "parameter regimes".
383
• (well-mixed host population and well-mixed parasite populations within hosts)
384
To the best of our knowledge, so far neither estimates of the host population size, nor so that the simplest assumption of panmixia should be preferred.
401
• (viral reproduction) We model the evolution of a reproducing persistent viral population.
402
On the real time scale the reproduction rate obviously is not constant. There are phases There is increasing evidence, that HCMV reproduction is not restricted to early childhood, that "infectious reactivation in adults is an important driver of transmission of CMV".
411
For estimates of the viral reproduction rates see the separate point "parameter regimes".
412
• (primary infection with a single type) On a long evolutionary timescale most hosts should 
421
The results about the maintenance of diversity in the setting with balancing selection also 
462
In a host several gO genotypes might be maintained in the persistent viral population, so 463 that both virus entry into epithelial as well as virus entry into fibroblasts may be tweaked.
464
Another example are immune evasion strategies or mechanism for immune modulation. Dif- 
477
The actual number of virions infecting latently a host we estimate to be similarly 
503
Assuming that a typical host is infected for 50 years (by assuming that on an evo- 2011 for an overview.
526
As an example we consider the ORF UL75 encoding for the glycoprotein gH. This 
563
If we assume in the following that the rate at which amino acids are deleted is the 564 same as the mutation rate per site, the rate at which a change from genotype gH1 to 565 genotype gH2 and vice-verse happens is (g N · 2 · 10 −7 ) 9 , because within a host life on average g N viral reproduction events occur, the mutation rate per site was estimated 567 to be 2 · 10 −7 and all 8 amino-acid changes plus the amino-acid deletion have to occur.
568
This leads to an upper estimate of (4.8 · 10 4 · 2 · 10 −7 ) 9 ≈ 10 −18 for the mutation rate 569 µ N per parasite, see the point "viral reproduction rate g N ".
570
-(reinfection rates and the relationship of the reinfection rate r N and the parasite repro-571 duction rate g N )
572
For simplicity, we do not assume, that the reinfection rate depends on the host state in 573 our model. Currently, there is no data available, how the reinfection rate is influenced 574 by diversity. We suggest that accumulating diversity (with respect to the whole genome) 575 may antagonize the host's immune system, and hence increases the reactivation rate and 576 therefore increases also the reinfection rate. However, in this study we limit ourselves to 577 a single locus and hence act on the assumption that the reinfection rate is homogeneous 578 among all hosts.
579
There have been used two different methods to assess the frequency of reinfection. In and 25.4% to 38.2% in adults).
722
The average frequency of type gH1 is 0.251. Hence we estimatex = 0.251.
723
In the neutral case the highest proportion of hosts infected with both types is expected, if observations seem to contradict neutral evolution.
762
In this study we analysed the neutral counterpart of the model, that is with neutral parasite 70 times larger than current estimates of the reinfection rate.
788
A larger set of ORFs should be analyzed to reveal a more precise picture. However, our es- for N = 1000 and ≈ 6 for N = 10000, which is roughly on the scale of the reinfection rates which 801 have been estimated in the literature.
802
Several extensions of the model considered here are relevant. In the parameter regimes suit-803 able for HCMV we discussed already here that our estimates concerning HCMV hold also for more 804 general models of host replacement, to wit that at primary infection several types can be trans- 8 The upper bounds on the mutation rate are not essential here, because in this case only a larger proportion of hosts infected with both genotypes is expected.
in Africa in the antiretroviral therapy era". In: Front. Microbiol. 6. article 1016. 
Genotype of the Merlin strain
Genotype of the AD169 strain Supplementary Figure 1: The evolutionary history was inferred using the Neighbor-Joining method (Saitou and Nei, 1987) . The optimal tree with the sum of branch length = 0.24032069 is shown. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (500 replicates) are shown next to the branches (Felsenstein, 1985) . The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the p-distance method (Nei and Kumar, 2000) and are in the units of the number of base differences per site. The analysis involved the 132 nucleotide sequences from . Codon positions included were 1st+2nd+3rd+Noncoding. All positions containing gaps and missing data were eliminated. There were a total of 2226 positions in the final dataset. Evolutionary analyses were conducted in MEGA7 (Kumar et al., 2016) . 
